Timothy 2017. Telomere length profiles in primary human peritoneal mesothelial cells are consistent with senescence. Mechanisms of Ageing and Development 164 , pp. ABSTRACT Mesothelial cell (MC) senescence contributes to malignancy and tissue fibrosis. The role of telomere erosion in MC senescence remains controversial, with evidence for both telomere-dependent and telomere-independent mechanisms reported. Single telomere length analysis revealed considerable telomere length heterogeneity in freshly isolated human peritoneal MCs, reflecting a heterogeneous proliferative history and providing high-resolution evidence for telomere-dependent senescence. By contrast the attenuated replicative lifespan, lack of telomere erosion and induction of p16 expression in in vitro-aged cells was consistent with stress-induced senescence.
The mesothelium originates from the embryonic mesoderm surrounding the embryonic coelom and is a significant source of mesenchymal cells for generation of heart, lung, gut, liver and fat (1, 2) . Adult mesothelial cells (MCs) form a monolayer covering the serosal cavities, uniquely co-express mesenchymal and epithelial markers, and share some properties with vascular endothelium. MC functions include defensive barrier formation, secretion of surface-active lubricant and regulation of inflammation.
In peritoneal dialysis therapy, human peritoneal mesothelial cells (HPMCs) form the barrier across which fluid and solute transport take place.
Acquisition by MCs of a senescence-associated secretory phenotype results in increased adherence, angiogenic potential, migration, proliferation, and/or progression in ovarian (3, 4) , colorectal and pancreatic (5) , and mesothelial (6) cancers.
In addition, HPMC senescence is accelerated by elevated concentrations of glucose, the main component of solutions used in peritoneal dialysis treatment (7) . Therefore understanding MC senescence mechanisms has clinical utility.
Cellular senescence may be triggered by telomere erosion and/or environmental cues.
HPMC senescence has been observed in vitro after 6 -10 population doublings (PDs) (8) and mechanisms for both telomere-dependent and telomere-independent HPMC senescence have been reported (9) . However, in this work telomeres were sized by quantitative (q)PCR (10) (11) (12) , which has limited sensitivity and reproducibility that result in systematic bias (13) . Furthermore, while this technology estimates telomere repeat content, it does not provide information on telomere length distributions.
To definitively investigate the relationship between telomere length and MC senescence, we used single telomere length analysis (STELA) (14) to analyse XpYp telomere lengths in early passage and in vitro-aged HPMCs. STELA is a high-resolution single molecule approach to determine telomere length with the unique ability to detect telomeres in length ranges that trigger replicative senescence (14, 15) or the extreme telomere shortening observed during a telomere-driven crisis (16) .
HPMCs were isolated from omentum samples from six different donors and underwent 7.8 -13.0 PDs (mean 9.3 ± 2.3 PDs) before entering senescence as defined by extensive SA-β-Gal staining, distorted cell morphology, cessation of growth and EdU incorporation, as well as increased IL-6 release and p16 expression ( Fig. 1A-D) . These PDs represented a shorter replicative lifespan than observed in cell types undergoing telomere-dependent replicative senescence (17) indicating that HPMCs exhibit an extensive replicative history in vivo prior to explant. Alternatively, but not necessarily mutually exclusively, these cells may be sensitive to sub-optimal culture conditions and undergo stress-induced senescence in culture.
Additional senescence markers were analysed by RT-qPCR (Figs 1E-K). Increased telomerase reverse transcriptase mRNA was detected in senescent (C t = 29.12 ± 0.25) compared to young HPMCs (C t = 29.35 ± 0.31) ( Fig. 1K ). Conversely, previous telomeric repeat amplification protocol data showed decreased senescent HPMC telomerase activity, and an inverse relationship between telomerase activity and telomere length (10) . These data indicate that, irrespective of telomerase expression variation during culture, telomere shortening as a function of MC division in culture might be reduced or insignificant (18) . 6 STELA of young and senescent HPMCs revealed broadly similar XpYp telomere profiles with pronounced length heterogeneity ( Fig. 2A,B ). Previously we used STELA to characterise telomere dynamics in primary fibroblast cultures and found a mean telomere length of 5.17 kb in senescent cells (14) . Here, STELA analysis showed that both freshly-isolated and in vitro senescent HPMCs exhibit an extensive and heterogeneous proliferative history, with a significant proportion of cells displaying telomeres within the length range associated with telomere-dependent senescence ( Fig. 2A,B) . Indeed, the mean XpYp telomere lengths for young (5.1 ± 2.7 kb) and senescent (5.1 ± 2.6 kb) HPMCs (range of 442 bp -16.140 kb) varied little, and were consistent with that observed in senescent fibroblast cultures (Fig. 2C ).
Previous qPCR data showed significantly increased telomere length in HPMC senescence (10) . Consistent with these observations, two of our six senescent populations exhibited increased mean telomere length, which reached statistical significance for one population. We speculate that, if the majority of cells exhibit replicative senescence at the point of explant, serial passage of this culture might lead to preferential loss of cells with shorter telomere length distributions, resulting in an apparent increase in telomere length. However, other situations can be envisaged in which the replicative kinetics might exert a modifying influence on the observed telomere dynamics, within a background of largely senescent cells. For example, oxidative stress is considered to modulate telomere erosion, either directly via telomeric mutation (19) or indirectly by altering the replicative kinetics of cells within the culture (20) . Future studies will allow the dissection of the relative contributions of both telomere-driven replicative senescence and stress-induced senescence to the overall HPMC senescence profile.
In summary, we have identified a surprising heterogeneity in primary HPMC telomere length with STELA, a method we have recently used to predict clinical outcome in multiple tumour types including both chronic lymphocytic leukaemia and breast cancer (21, 22) . Accurate detection of MC telomere lengths by STELA will allow screening for telomere-dependent senescence in patient samples. Given the potential pathophysiological implications for the occurrence of senescent cells in these tissues, we consider that high-resolution telomere length analysis has the potential to provide clinically relevant information in this context.
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SA-β-Gal staining
Cells were seeded in 6-well plates, fixed in 2% formaldehyde / 0.2% glutaraldehyde, washed, and incubated in a solution containing 1 mg/ml 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside, 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, 150 mM NaCl, 2 mM MgCl 2 and 40 mM citric acid, pH 6.0, for 16 h at 37°C.
EdU incorporation and detection
HPMCs were plated onto glass chamber slides (Lab-Tek, Nunc, Simga-Aldrich) at a density of 15,000 cells/well, then incubated with EdU at a final concentration of μM for 4 hours at 37°C. Cells were fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton X-100 for 10 min. EdU detection was then performed according to the a ufa tu e 's i st u tio s Sig a-Aldrich). Images were captured with an Axio Observer D1 inverted microscope (Zeiss, Oberkochen, Germany) and analysed using the AxioVision Rel. 4.6.3 image analysis software (Zeiss).
IL-6 detection
HPMC IL-6 levels were measured using the DuoSet Immunoassay Development Kit (R&D Systems, Oxfordshire, UK a o di g to the a ufa tu e 's i st u tio s. 
RNA and genomic DNA isolation

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis
Re e se t a s iptio as a ied out usi g μg of total RNA a d the high apa ity 
Single telomere length analysis (STELA) (14)
Solubilized genomic DNA was quantified and diluted to 10 ng/µl in 10 mM Tris-HCl, pH 7.5. 10 ng of DNA was additionally diluted to 250 pg/µl together with 1 µM Telorette2 linker and 1 nM Tris-HCl, pH 7.5, in a total volume of 40 µl. Six PCRs per study sample Formatted: French (France)
